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esis, antiproliferative potential,
and in silico analysis of novel pyrazole-based
hydrazones derived from 3-(2-(4-chlorophenyl)
hydrazineylidene)-5-phenylfuran-2(3H)-one

Sayed K. Ramadan, *a Mariam S. H. Kazem,a Mahmoud Kamal, b

Ahmed I. Hashem,a Hisham S. M. Abd-Rabboh c and Wael S. I. Abou-Elmagda

Azofuranone was transformed into a series of pyrazole-based hydrazones with 71–79% yields through

hydrazinolysis using hydrazine hydrate at room temperature followed by condensation with selected

aromatic aldehydes in refluxing ethanol. The antiproliferative activity of the obtained derivatives was

evaluated against MCF-7 (breast) and HCT-116 (colon) cancer cell lines using the MTT assay. Among the

tested compounds, the chlorobenzylidene derivative (3a) exhibited the most pronounced cytotoxic

activity (IC50 = 6.33 ± 1.3 mM against HCT-116 and IC50 = 8.61 ± 1.6 mM against MCF-7), while the

remaining hydrazones also showed moderate to strong effects in both cell models. Computational

target predictions suggested possible involvement of kinase-related pathways. Molecular docking studies

were performed using CDK2 (PDB ID: 2 A4L) to explore potential binding modes. Compound 3a

displayed a favorable docking score compared with the reference ligands and formed hydrogen-bond

interactions with key residues within the active site. Molecular dynamics simulations indicated stable

ligand–protein interaction patterns over the simulation period. In addition, in silico ADME analysis

revealed acceptable physicochemical and pharmacokinetic characteristics, with compound 3a

demonstrating the most balanced profile. Overall, the combined biological and computational findings

identify compound 3a as a promising scaffold for further optimization in the development of

antiproliferative agents.
Introduction

The continuous need for effective anticancer therapies remains
a major focus in medicinal chemistry, as cancer continues to be
one of the leading causes of mortality worldwide. Cancer was
responsible for around ten million deaths in 2020, according to
the WHO (world health organization). In 2022, approximately
2.3 million cases of breast cancer and 670 000 deaths ocurred
worldwide. Breast cancer was reported for roughly 1 in 6 cancer
deaths. Besides, an estimated 866 136 cases of liver cancer and
758 725 deaths worldwide appeared in 2022. Pyrazoles are the
subject of chemical and biological investigations because of
their promising pharmacological, agrochemical, and analytical
applications. Pyrazole derivatives have demonstrated diverse
biological activities, including antitumor, antimicrobial, anti-
oxidant, and antiviral effects.1–9 They are present in many
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natural products and well known for being helpful in drug
design.10 Some pyrazole-based anticancer drugs are presented
in Fig. 1. Pyrazofurin is effective against a broad spectrum of
cancer cells due to its inhibition of nucleotide synthesis, which
is crucial for rapidly dividing tumor cells. Ruxolitinib is
a potent, selective inhibitor of Janus kinase 1 and 2 (JAK1/JAK2)
with high enzymatic potency (IC50 of 3.3 nM for JAK1 and
2.8 nM for JAK2). Against various cancer cell lines, Ruxolitinib
acts as a targeted agent to inhibit proliferation and induce
apoptosis, generally displaying values in the micromolar (M)
range, typically between 1 mMand 50 mM, reliant on the cell line,
duration of exposure (24–72 h), and culture conditions. Crizo-
tinib acts as a potent tyrosine kinase (TK) inhibitor with values
normally ranging from 10 nM to 900 nM against ALK-
rearranged or MET-amplied cancer cells. Key sensitivities
contain lung cancer lines (EBC-1, H1993# 10 nM; H2228z 311
nM) and ALCL/gastric lines (5–20 nM).

Therefore, constructing heterocycles bearing pyrazoles is
a strategic synthetic line for drug development.11,12 They are
essential moieties in various chemotherapeutic agents with
reliable potential.13–16 Cyclin-dependent kinases (CDKs) play
a central role in regulating the cell division cycle. Dysregulation
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Some pyrazole-based anticancer drugs in addition to kinase inhibitor (A) and roscovitine as CDK inhibitor.
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of these kinases and their regulatory partners is frequently
observed in human tumors. Roscovitine (inhibitor of CDKs)
exhibits high efficacy and selectivity (cf. Fig. 1). The purine core
of this inhibitor bonds to the adenine binding site of CDK2.
Analysis of CDK2/roscovitine complex crystal structure would
guide the enterprise of many other potent CDK inhibitors.17

Thus, searching for new antitumor drugs has become an
interesting research topic in medicinal chemistry. Structural
diversication through the introduction of additional aromatic
and heterocyclic fragments is a common medicinal chemistry
strategy18,19 aimed at modulating physicochemical properties,
enhancing p–p stacking potential, and optimizing hydrophobic
and hydrogen-bonding interactions within biological targets. In
this context, the present design focused on scaffold expansion
of the azofuranone-derived core to explore structure–activity
relationships rather than targeting a predened kinase phar-
macophore. Some synthetic approaches reported the prepara-
tion of pyrazole-based hydrazone bearing various moieties with
good yields (75–90%, depending on the substituent on the
aldehyde), through condensation of the acid hydrazide with
different aldehydes, which exhibited promising anticancer and
antiviral activity.6,13,20

This condensation strategy is the most widely used approach
due to its operational simplicity and high efficiency. Some
advantages of this strategy included mild reaction conditions,
simple work-up (oen crystallizes directly from ethanol), good
to excellent yields, and no need for expensive catalysts. Some
© 2026 The Author(s). Published by the Royal Society of Chemistry
limitations included that reaction rate can decrease with steri-
cally hindered aldehydes, electron-donating substituents may
lower yields, and possible E/Z isomer formation in some cases.
Engelhardt et al. stated benzimidazole derivative (A) (cf. Fig. 1)
as a next generation of EGFR tyrosine kinase inhibitor acquiring
reasonable affinity to mutated EGFR (IC50 EGFR

L858R T790M C797S

= 2100 nM, IC50 EGFR
del19 T790M C797S = 250 nM).21

Bearing in mind these reports and continuing to our work
for synthesizing bioactive pyrazoles,22–29 this work focused on
the heterocyclic transformation of azofuranone 1, as a common
precursor, into pyrazole candidates 3a–3c to investigate their
ability to impede the proliferation of MCF-7 (breast) and HCT-
116 (colon) cancer cell panels (compared with CDK2 inhibitor,
roscovitine). In silico target prediction, molecular docking, and
pharmacokinetic modeling were conducted as post-biological
mechanistic exploration tools to investigate potential molec-
ular targets associated with the observed antiproliferative
activity and to assess drug-likeness properties. These compu-
tational analyses were intended to provide mechanistic
hypotheses and structural insights rather than to serve as
primary design drivers. To further narrative for protein exi-
bility and overcome the inherent limitations of static docking
approaches, molecular dynamics simulations were employed to
assess the time-dependent stability and interaction behavior of
the ligand–protein complexes.
RSC Adv., 2026, 16, 16460–16473 | 16461
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Results and discussion
Synthesis

The key material, 3-(2-(4-chlorophenyl)hydrazineylidene)-5-
phenylfuran-2(3H)-one (1) was easily transformed into pyrazole
candidates 3a–3c (cf. Scheme 1). First, hydrazinolysis of
azofuranone 1 with hydrazine hydrate (80%) in ethyl alcohol at
ambient temperature (RT) afforded the acid hydrazide 2.30

Second, condensation of acid hydrazide with aromatic alde-
hydes, including 4-chlorobenzaldehyde, anthracene-9-
carbaldehyde, and 1,3-diphenylpyrazole-4-carbaldehyde in
reuxing ethanol achieved the construction of pyrazoles 3a–3c,
respectively. IR of pyrazoles 3a–3c presented absorption bands
for an amidic carbonyl and NH groups. Its 1H NMR spectra
lacked a signal for NH2 protons and presented a singlet signal
for NH proton. The reaction way can be visualized via initial
condensation of primary amino set of the hydrazide 2 with
carbonyl group of aldehydes to produce a non-isolable inter-
mediate [I] pursued by intramolecular 5-exo-trig ring closure to
remove water molecule (Scheme 1).
Scheme 1 Synthesis of pyrazoles-based hydrazones 3a–3c.

16462 | RSC Adv., 2026, 16, 16460–16473
While our current work focuses on small scale laboratory
synthesis, several features of the route described indicate that it
could be adapted to a Process Chemistry framework with rela-
tive ease. The sequence consists of only two fundamental
operations, hydrazinolysis and subsequent hydrazone forma-
tion, both of which proceed under mild temperatures, use
readily available reagents, and rely on operationally simple
transformations. These qualities are advantageous for scale up
because they minimize the need for tightly controlled condi-
tions or specialized equipment. Additionally, the products oen
crystallize directly from the reaction mixture, reducing depen-
dence on chromatographic purication and making the route
inherently more suitable for process development.

From a Process Chemistry perspective, opportunities for
optimization include solvent selection to improve atom
economy and waste minimization, evaluation of alternative
hydrazine sources with improved safety proles, and rening
crystallization conditions to achieve consistent solid-state
properties on larger scales. The clean impurity prole
observed at the laboratory scale further suggests that reaction
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 IC50 values of the considered substrates versus HCT-116 and
MCF-7 cancer cells respecting doxorubicin and roscovitine as
references

Compds

In vitro cytotoxicity, IC50 (mM)a

HCT-116 MCF-7

3a 6.33 � 1.3 8.61 � 1.6
3b 15.25 � 1.7 17.16 � 1.5
3c 10.02 � 1.2 11.52 � 1.3
Doxorubicin 5.23 � 0.3 4.17 � 0.2
Roscovitine 12.24 � 1.17 9.32 � 0.49

a Data were presented as mean ± SD (standard deviation, n = 3).
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robustness is high, which typically translates well to larger
volume reactors. Overall, while dedicated process scale inves-
tigations were not within the scope of this study, the simplicity,
robustness, and predictable behavior of both key trans-
formations provide a strong foundation for future translation of
the method into a Process Chemistry route, especially for the
preparation of promising compound 3a.

While the developed two-step sequence proved robust for the
aldehydes studied, several opportunities for further improve-
ment were identied, particularly with respect to functional
Fig. 2 SAR of structures of derivatives 3a–3c and doxorubicin.

© 2026 The Author(s). Published by the Royal Society of Chemistry
group tolerance and the efficiency of the hydrazinolysis step.
The major scope for improvement in our current synthetic
approach lies in enhancing structural diversity and optimizing
step efficiency, particularly as we move toward generating more
advanced analogues. The two step sequence, hydrazinolysis
followed by hydrazone formation, proved reliable for the set of
simple aromatic aldehydes explored; however, increasing the
complexity of substitution or introducing more sensitive func-
tional groups may require further renement of reaction
conditions to ensure consistent yields. Additionally, the
hydrazinolysis step, while operationally straightforward, could
benet from optimization to improve atom economy and
reduce the excess of hydrazine traditionally used in such
transformations.

To address these limitations, we envisage several strategies.
First, expanding the substrate scope under diversied solvent
systems, catalysts, or mild activating conditions may improve
tolerance for more functionalized aldehydes and enable
broader exploration of structure–activity relationships (SAR).
Second, implementing continuous ow techniques for hydra-
zinolysis may enhance safety, scalability, and reaction control,
thereby reducing excess and narrow impurity proles. Third,
further studies on controlled crystallization could streamline
purication workows, especially for analogues prone to
RSC Adv., 2026, 16, 16460–16473 | 16463
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Fig. 3 Distribution of compounds (3a–3c) targets' activities and identifying frequent drug targets.
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hydrazone formation. Collectively, these enhancements will
help transform the current route into a more versatile and
scalable platform suitable for generating expanded libraries of
pyrazole-based hydrazones and for supporting future medicinal
chemistry optimization campaigns.
Antiproliferative activity

The in vitro cytotoxic activity of the synthesized compounds was
evaluated using the MTT assay31,32 against colon (HCT-116) and
breast (MCF-7) cancer cell lines, with doxorubicin and roscovi-
tine used as reference controls Table 1. Compared with the
reference compounds, hydrazone 3a showed the most
pronounced activity against both cell lines. The presence of the
chlorine substituent and aromatic framework may contribute to
its enhanced biological response. The compounds 3b and 3c
showed strong effectiveness against two cells. The observed
cytotoxic activity may be inuenced by the presence of NH and
C]O functional groups, which are capable of participating in
hydrogen bond interactions. The contribution of hydrophobic
interactions arising from the aryl groups (chlorophenyl,
anthracene, and pyrazole rings) may also be consistent with the
observed activity trends (cf. Fig. 2).33
In silico target prediction

Swiss target prediction analysis34 was used to estimate the most
probable biological targets for compounds 3a–3c (cf. Fig. 3). For
compound 3a, enzyme-related proteins represented 26.7% of
the predicted targets, followed by kinases and G-protein-
Table 2 Binding amino acids of CDK2 enzyme interacted with compou

Compd
S-score
(kcal mol−1)

RMSD
(Å)

Amino ac

H-bondin
(bond len

3a −9.0453 1.1171 THR 14 (3
3b −7.0523 1.2722 —
3c −8.9010 1.5364 ASP 86 (3
Doxorubicin −8.6836 1.3266 GLU 12 (3
RRC −8.9902 1.4381 GLN 131 (

a Shared amino acids interacting with both compounds and RRC were ita

16464 | RSC Adv., 2026, 16, 16460–16473
coupled receptors (13.3%). While substantial enrichments in
protein-coupled receptor and kinase-related proteins were
perceived for compound 3b with 40.0 and 26.7% of anticipated
targets. Also, compound 3c showed considerable prospects in
protein-coupled receptors with 46.7%, in addition to enzyme
and protease-related proteins with 20.0% of the anticipated
targets. These results suggest a possible association with
kinase-related pathways. Judging the anticipated targets
revealed mutual targets between these compounds as kinase
and protein-coupled receptors. Given the role of CDK2 in cell-
cycle regulation, it was selected as a representative kinase
target for subsequent docking analysis. It is important to note
that the computational target prediction indicated multiple
potential protein classes, suggesting that the investigated
compounds may exert their antiproliferative activity through
multi-target mechanisms. The diversity of predicted target
classes suggests that the antiproliferative activity may involve
multiple biological pathways, providing a broader perspective
for subsequent target-oriented studies.

Molecular docking simulation

To explore the affinity of the compounds toward the CDK2
binding pocket (PDB ID: 2 A4L),35 molecular docking simula-
tions were performed to estimate their binding energies.
Binding affinity was assessed based on calculated S-scores (kcal
mol−1) and predicted hydrogen-bonding interactions. More
negative docking scores were interpreted as indicating stronger
predicted binding affinity within the active site. The binding
pocket of native co-crystallized ligand (roscovitine, RRC) was
nds 3a–3c judged to doxorubicin and RRCa

ids included in bonding

g
gth, Å)

Hydrophobic interaction
(bond length, Å)

.06), LYS 89 (3.15) —
PHE 80 (4.33)

.20) VAL 18 (4.45), GLN 85 (4.30)
.19) VAL 18 (4.20), GLN 131 (4.26)
2.77), LEU 83 (3.31) ILE 10 (4.21), VAL 18 (4.48), LYS 89 (3.87)

lized.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 2D and 3D interactions of compounds 3a–3c with CDK2 protein binding pockets judged to doxorubicin and RRCa

Compd 2D 3D

3a

3b

3c

Doxorubicin

RRC

a The docked compounds were stained in cyan while doxorubicin and RRC were stained purple.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 16460–16473 | 16465
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Table 4 Ligand efficiency (LE) of pyrazole-based hydrazones 3a–3c
related to RRC and doxorubicin

Compd
Ligand efficiency
(LE, kcal mol−1 per heavy atom)

3a −0.3015
3b −0.1906
3c −0.2225
RRC −0.3457
Doxorubicin −0.2226
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docked for all complexes in the same subset (see Tables 2 and
3).

The amino acids implied in binding relations e.g., H-bonds
and hydrophobic interactions, between the ligands and target
CDK2 enzyme were inclined in Table 2. Also, Table 3 appeared
graphical 2D and 3D representations of docking simulation.
The dened information on the molecular interactions between
ligands and CDK2 protein was displayed in a 2D illustration.
Besides, the binding interactions between ligands and active
pockets of protein are indicated in red by the 3D depiction, that
imply hydrogen bond interactions. As detected in Table 2, the
ligand binding energies were closer to those of doxorubicin as
a reference drug and co-crystallized ligand (roscovitine, RRC) as
a CDK2 inhibitor. Some amino acids that interact with
compounds also interacted with RRC ligand.

Judging to doxorubicin (S: −8.6836 kcal mol−1) and RRC (S:
−8.9902 kcal mol−1), the pyrazole-bearing chlorobenzylidene
candidate 3a had the greatest S-score with a binding energy of
−9.0453 kcal mol−1 with the lowest RMSD value (1.1171 Å). This
docking pose indicated favorable accommodation within the
CDK2 active site, with hydrogen-bond interactions involving THR
14 and LYS 89, residues also observed in interactions with the co-
crystallized ligand (RRC). Compound 3c provided S-score of
−8.9010 kcal mol−1 via one hydrogen bond by NH group with
ASP 86 through side chain donor, in addition to two hydrophobic
(pi-H) interactions by the two pyrazole rings with VAL 18 (shared
with RRC) and GLN 85. Compound 3b developed one hydro-
phobic (H-pi) interaction by anthracene ring with PHE 80,
resulting in S-score of −7.0523 kcal mol−1. These ndings
highlight the potential of this series as promising
Fig. 4 Superimposition (2D diagram) of native and redocked RRC
configurations at CDK2 protein target active pockets (PDB ID: 2 A4L)
per RMSD of 1.4381 Å.

16466 | RSC Adv., 2026, 16, 16460–16473
antiproliferative scaffolds. The docking outcomes provide struc-
tural insight into possible binding modes within the CDK2 active
site and may serve as a basis for subsequent experimental
evaluation.

The verication of the docking protocol was established
using co-crystallized ligands (RRC) with their respective CDK2
protein target, in which the superimposition of native and
redocked co-crystallized ligands was envisaged among 2D
diagram.36 The RMSD value for superimposition, which indi-
cates the deviation between the two congurations, was calcu-
lated to be 1.4381 Å (cf. Fig. 4).

As an imperious constraint in drug discovery, the ligand
efficiency (LE) parameter of pyrazole-based hydrazones 3a–3c
was established and judged to that of RRC and doxorubicin (cf.
Table 4). The outcomes claried that pyrazole-bearing chloro-
benzylidene 3a revealed LE value of −0.3015 kcal mol−1 per
heavy atom, which was comparable to that of RRC (LE =

−0.3457 kcal mol−1 per heavy atom) and higher than that of
doxorubicin (LE = −0.2226 kcal mol−1 per heavy atom). While
compounds 3b and 3c had LE values comparable to doxoru-
bicin. This indicates that, on a per-heavy-atom basis, the tested
compounds display a balanced efficiency prole, supporting
their suitability for further optimization in drug design.
Molecular dynamics (MD) simulation

Through MD simulation, the stability of the ligand–protein
complexes over time was evaluated using RMSD analysis.37–39 As
illustrated in Fig. 5a–e, all simulated systems reached equili-
bration early in the trajectory and remained stable over the 100
ns simulation period, with no evidence of major conformational
rearrangements. For the tested compounds, RMSD values were
mostly held around 2.0 Å for most of the simulation, implying
stable positioning within the binding pocket. Doxorubicin
showed relatively higher deviations during the initial stage of
the simulation, particularly within the rst ∼25 ns, before
converging to a stable RMSD prole. In contrast, the co-
crystallized ligand (RRC) exhibited an overall stable trajectory,
with only a short-lived increase in RMSD between approxi-
mately 30 and 40 ns, aer which stability was preserved. Overall,
these observations suggest that both the investigated
compounds and the reference ligands maintain stable interac-
tion proles, in agreement with the docking analysis.

Protein exibility was further evaluated through RMSF
analysis (Fig. 5f–j). All systems displayed comparable RMSF
proles, reecting a similar global uctuation pattern
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Molecular dynamics analysis of the investigated ligand–protein complexes over 100 ns simulation. (a–e) RMSD plots of the protein
backbone and bound ligands for 3a (a), 3b (b), 3c (c), doxorubicin (d), and RRC (e), demonstrating the overall stability of the complexes during the
simulation. (f–j) Root mean square fluctuation (RMSF) profiles of protein C-a atoms for complexes with 3a (f), 3b (g), 3c (h), doxorubicin (i), and
RRC (j), highlighting residue-wise flexibility and conformational stability, particularly within the binding region.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 16460–16473 | 16467
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Fig. 6 Molecular dynamics analysis of the investigated ligand-protein complexes over 100 ns simulation. (a–e) Protein–ligand interaction
histograms illustrating the interaction fractions of 3a (a), 3b (b), 3c (c), doxorubicin (d), and the co-crystallized ligand RRC (e) with the key amino
acid residues throughout the simulation time.

16468 | RSC Adv., 2026, 16, 16460–16473 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 BOILED-Egg chart of compounds 1, 2, and 3a–3c.
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regardless of the bound ligand. For most residues, RMSF values
remained below ∼2.0 Å, proposing that ligand binding did not
convince signicant structural instability. Higher uctuations
were conned to specic regions, mainly terminal segments
and exible loops, which are inherently mobile and not directly
involved in ligand recognition. Residues located within or near
the binding pocket showed moderate and largely comparable
uctuations across all systems, indicating that the tested
compounds, doxorubicin, and RRC preserve the native exi-
bility of the protein while maintaining stable interactions.

Analysis of protein-ligand interaction histograms (Fig. 6)
revealed that all ligands maintained a consistent network of
interactions throughout the simulation. Hydrogen bonds,
hydrophobic contacts, and water-mediated interactions were
observed for a substantial portion of the trajectory.40,41 In the
case of the tested compounds, hydrophobic contacts were
particularly prominent, likely facilitated by the presence of
multiple aromatic moieties that enhance ligand anchoring
within the binding site. Several residues were repeatedly
involved in ligand interactions across both the investigated
compounds and the reference systems. Among them, LEU83
was identied as a key interacting residue, forming stable
hydrogen bonding interactions with the tested compounds.
This residue was also engaged by the co-crystallized ligand in
the docking analysis, providing further consistency between the
docking and MD results.

Overall, the MD simulations indicate that the investigated
compounds form stable complexes with the target protein,
characterized by balanced RMSD behavior, comparable residue-
level exibility, and persistent interaction patterns. The
consistency between molecular dynamics and docking analyses
reinforces the proposed binding orientations and suggests that
the investigated compounds can maintain interaction patterns
comparable to those observed for the reference ligands.
© 2026 The Author(s). Published by the Royal Society of Chemistry
ADME study

ADME proles indicating physicochemical, lipophilicity, phar-
macokinetics, and drug-likeness attributes of substances were
depicted by SwissADME free web tool (cf. Fig. S1–S6 and Table
S1).42–44 On radar chart, the substrate's pink area was managed
to assess its bioavailability. The compounds 3a–3c were impli-
cated in the pink area (suitable physicochemical space for oral
bioavailability) and obeyed Veber rule with a number of rotat-
able bonds less than ten. In contrast to compounds 3b and 3c,
compound 3a had a favored molar refractivity (<140). All
compounds exhibited Csp3 ratio lower than 0.25. Compound 3a
complied with Lipinski's rule of ve (with one abuse of M Log P
> 4.15). The bioavailability score was 0.55 for compound 3a and
0.17 for compounds 3b and 3c. Compounds 3b and 3c did not
fulll Lipinski's rule of ve as they had two abuses of MW > 500
and MLogP > 4.15. Similar to potential drugs, these compounds
exhibited number of hydrogen bond donors (HBD) and accep-
tors (HBA) within the range (less than 5 and 10, respectively).

One foremost factor linked to drug bioavailability is TPSA
(topological polar surface area). Fragments that are passively
absorbed and show TPSA less than 140 Å2 are reasoned to allow
high bioavailability. Thus, compounds 3a–c are probable to
expose good passive oral absorption, with TPSA values of 59.28,
59.28, and 77.10 Å2, respectively. Also, their consensus Log Po/w
specied that they exhibit good lipophilicity. Whilst compound
3a seemed to have high GI absorption, compounds 3b and 3c
established low GI absorption. Their skin permeation (Log Kp)
factors follow this sequence: 3a > 3c > 3b, which expands the
skin's ability to pass bioactive chemicals.

The cytochrome P450 isoenzymes, which are essential for
drug metabolism, were also assessed. None of the studied
compounds were predicted to inhibit CYP2D6, indicating
a lower likelihood of metabolism-related drug–drug interac-
tions. Evaluation of absorption characteristics using the
RSC Adv., 2026, 16, 16460–16473 | 16469
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Table 5 Judging the antiproliferative action (IC50, mM), docking scores (kcal mol−1), and ADME characteristics of pyrazole-based hydrazones 3a–
3c pertaining to doxorubicin (Dox) and roscovitine (RRC)a

Compds
IC50 (mM),
(HCT-116/MCF-7)

S-score
(kcal mol−1) TPSA HBA HBD C. Log P GI absorption Log Kp

Bioavailability
score

3a 6.33/8.61 −9.0453 59.28 3 1 5.07 High −4.66 0.55
3b 15.25/17.16 −7.0523 59.28 3 1 6.26 Low −3.92 0.17
3c 10.02/11.52 −8.9010 77.1 4 1 5.83 Low −4.6 0.17
Dox. 5.23/4.17 −8.6836 206.07 12 6 2.51 Low −8.71 0.17
RRC 12.24/9.32 −8.9902 87.89 4 3 0.52 High −6.22 0.55

a HBA: hydrogen bond acceptor HBD: hydrogen bond donor, C. Log P: consensus Log P (lipoilicity).
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BOILED-Egg model (Fig. 7) revealed that compound 3a, unlike
compounds 3b and 3c, was positioned within the white region,
indicating favorable gastrointestinal tract absorption, as illus-
trated in Fig. 5. In addition, compound 3a was predicted not to
be actively effluxed from the central nervous system by P-
glycoprotein (PGP), as indicated by its red classication.
Screening with the PAINS lter, which detects molecules prone
to false-positive biological assay results, showed no alerts for
any of the tested compounds. Overall, the computational ADME
evaluation supports the suitability of these compounds for
early-stage lead exploration. Such predictive analyses provide an
initial view of pharmacokinetic behavior and help prioritize
candidates for further study. More comprehensive safety and
metabolism proling, including experimental evaluation of
hepatic liability and cardiac ion channel interactions, will
represent important next steps during advanced preclinical
development.

The ndings of antiproliferative activity of investigated
substrates were judged by their docking scores and pharmaco-
kinetic properties pertaining to doxorubicin and roscovitine (cf.
Table 5), which discovered a good relationship.

Based on biological evaluation, docking analyses, and
physicochemical assessment of the synthesized hydrazone
series (as discussed above), several preliminary design princi-
ples could be proposed to guide further development of this
scaffold as an antiproliferative chemotype. First, the results
suggest that aryl substitution patterns exert a strong inuence
on activity, with electron withdrawing substituents, particularly
the chloro group in compound 3a, enhancing cytotoxic potency.
This indicates that incorporation of moderately lipophilic, s-
accepting groups on the aromatic aldehyde component may
strengthen interactions within the CDK2 active site and
improve cell-based efficacy. Second, the docking and MD
simulations highlight the importance of maintaining the
hydrazone linker orientation that enables hydrogen bonding to
key CDK2 residues; therefore, structural modications should
preserve the hydrazone moiety and its conjugated alignment
with the pyrazole core.

Third, the ADME evaluation shows that balanced lip-
ophilicity and limited polar surface area correlate with favorable
pharmacokinetic proles, suggesting that future analogues
should avoid excessive polarity or bulky substituents that may
compromise permeability. Lastly, the general scaffold tolerates
aromatic modications well, implying that diversifying the aryl
16470 | RSC Adv., 2026, 16, 16460–16473
ring with halogens, heterocycles, or additional small electron
modulating groups could be an effective strategy to ne tune
both activity and physicochemical properties. Together, these
design rules provide a conceptual foundation for next genera-
tion analogues and support broader structure–activity explora-
tion of pyrazole-based hydrazones as potential anticancer
agents.

A concise comparative analysis highlighted the key distinc-
tions between our study and previously reported works on
pyrazole-based hydrazones. Unlike earlier reports that primarily
focused on conventional condensation-based synthesis and
preliminary cytotoxic screening, our work introduces
azofuranone as a novel starting precursor, enabling the gener-
ation of structurally distinct pyrazole-based hydrazones through
a sequential hydrazinolysis-condensation strategy. In addition
to evaluating antiproliferative activity against both MCF-7 and
HCT-116 cell lines, our study integrates comprehensive
computational investigations, including target prediction,
molecular docking against CDK2 (PDB ID: 2 A4L), molecular
dynamics simulations, and in silico ADME proling.

Furthermore, compound 3a demonstrated enhanced cyto-
toxic potency alongside favorable binding interactions and
pharmacokinetic characteristics, providing a more mechanis-
tically supported structure–activity rationale compared with
previously reported analogues. This combined experimental
and computational approach offers a broader and more
systematic evaluation than many earlier studies.
Conclusion

In this work, pyrazole-based hydrazone candidates were obtained
from azofuranone through hydrazinolysis to give acid hydrazide
followed by the condensation with 4-chlorobenzaldehyde,
anthracene-9-carbaldehyde, and 1,3-diphenylpyrazole-4-
carbaldehyde. The in vitro antiproliferative action versus MCF-7
and HCT-116 cancer cell panels showed the most potency of
chlorobenzylidene candidate. The other hydrazones also exhibi-
ted strong activity. Based on in silico target prediction suggesting
kinase-related pathways, molecular docking analysis was per-
formed toward CDK2 protein, where the chlorobenzylidene
derivative showed a docking score comparable to the reference
compounds. Also, bis-pyrazole derivative showed a closer dock-
ing score through one hydrogen bonding by NH group with ASP
86 through side chain donor, in addition to two hydrophobic
© 2026 The Author(s). Published by the Royal Society of Chemistry
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interactions by the two pyrazole rings with VAL 18 (shared with
RRC) and GLN 85. In turn, the anthracene candidate formed one
hydrophobic interaction by anthracene ring with PHE 80. The
observed hydrogen-bonding and hydrophobic interactions
suggest favorable accommodation of these derivatives within the
CDK2 binding pocket. Compound 3a showed a competitive
ligand efficiency compared with the reference compounds, sup-
porting its potential as a lead scaffold. Molecular dynamics
analysis further indicated stable interaction patterns over the
simulation period. Together, the biological and computational
ndings point toward a possible involvement of kinase-related
pathways, offering a structural framework for future mecha-
nistic studies. The in silico ADME proling of compounds 3a–3c
revealed promising physicochemical, pharmacokinetic, and
drug-likeness characteristics. Compound 3a showed a balanced
drug-like prole, residing within the optimal bioavailability radar
region and complying with Veber's and Lipinski's criteria, with
a higher bioavailability score compared to compounds 3b and 3c.
It also exhibited favorable molar refractivity and strong gastro-
intestinal (GI) absorption, supported by its position in the
BOILED-Egg model's white region. All compounds displayed
acceptable TPSA values (<140 Å2), indicating potential for good
passive oral absorption, with compound 3a again showing the
most desirable prole. Skin permeability followed the trend 3a >
3c > 3b, with 3a being the most permeable. Notably, all
compounds passed the PAINS lter, indicating no structural
alerts commonly associated with assay interference. Overall,
compound 3a presented the most favorable overall ADME
balance among the derivatives investigated. The present ndings
offer a structural and biological framework for continued inves-
tigation of pyrazole-based derivatives as antiproliferative agents.
Materials and methods
Synthesis and procedures

See SI.
Antiproliferative activity

Cell lines. Mammary gland breast cancer (MCF-7) and colo-
rectal carcinoma colon cancer (HCT-116) cell lines were used for
screening. The cell lines were gotten from ATCC via a holding
company for biological products and vaccines (VACSERA).

Chemical reagents. RPMI-1640 medium, MTT, and DMSO
were provided by Sigma Co. (USA), and Fetal Bovine serum was
obtained from GIBCO (UK). Doxorubicin was used as a refer-
ence anticancer drug for comparison. See SI for details.
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